In this study, we developed a power-assisted cart that is controlled by the forces applied by the operator. To reduce the burden on the operator with regard to moving from one point to another, it would be ideal if the cart could be operated intuitively and be capable of moving in any direction. Therefore, the developed cart has a mechanism that allows it to move in any direction. The cart recognizes the force that the operator applies to the handle and determines the intended direction and velocity from the applied forces. To improve operability, the movement task was classified into three types. We derived the relationship between these three types and the operation force and solved the kinematics of the cart. We then developed a means of controlling an omnidirectional mobile cart with the goal of reducing the burden on the operator and demonstrated its efficacy via an experiment.
Introduction
A pushcart with free caster wheels is convenient for transporting loads because it can move in any direction. However, when there is no power assistance, the cart moves on the basis of the force applied to the handle by the operator. In the case of a power-assisted cart in which the front or rear wheels are driven by an actuator, it is possible to transport heavy loads without placing extra burden on the operator. However, the driving wheels of most pushcarts do not steer. Such a system is difficult to maneuver in a restricted space because it cannot move in the lateral direction owing to nonholonomic constraints. From the viewpoint of operability, it is preferable to be able to move in all directions without any restrictions on the direction of movement.
A variety of mechanisms have been developed as a holonomic omnidirectional movement mechanism [1] [2] [3] . The omni wheel and mechanum wheel both have a free roller on the outer circumference of the wheel, and each wheel rotates under the influence of a driving force with one degree of freedom. Therefore, it is possible to move in any direction as a result of the operation of the free rollers by combining the action of three or more wheels. Unfortunately, these types of wheels are poor at overcoming steps. However, a caster-type mechanism realizes movement in an arbitrary direction by driving an offset shaft and the wheel of the caster [4] . The ball-type mechanism achieves omnidirectional movement by transmitting the driving force in the direction of two degrees of freedom to the spherical wheel [5] . These mechanisms can generate a driving force in two degrees of freedom for each wheel; therefore, it can move in all directions if the system has at least two wheels. To enable stable movement, it is necessary to have more than two wheels. Furthermore, the transmission mechanism is complicated because there are two motors per wheel, and the control becomes complex when there are multiple motors.
When considering the task of moving from one point to another by using a cart, movement in the longitudinal direction and turning are the main movements. Lateral movement is often used to adjust the position. In such cases, it would appear that the mechanum wheel, which does not have complex driven mechanisms and control methods, would be suitable. Furthermore, it would appear to be able to overcome small steps in the longitudinal direction. Fujiwara et al. [6] realized longitudinal and turning motions by using a three-axis force sensor to measure the operation force applied by the operator to the handle. However, a rotation movement that changes the attitude of the cart was not implemented. Operability would clearly be improved when rotation is possible.
In this study, we developed a power-assisted cart that is capable of omnidirectional movement and can be operated intuitively like a pushcart. Section 2 explains the configuration of the cart and the translational, rotational, and turning motions. Section 3 presents the kinematics of the cart for each motion. Section 4 describes the manner of selection of the abovementioned motions based on the operational force. Section 5 shows the efficacy of the proposed method using the developed cart. Finally, Section 6 concludes this paper. We developed a power-assisted cart to relieve the burden imposed on the operator. The shape and size of the developed cart are similar to those of a small conventional pushcart. A typical application environment would be in an office or a building with no significant steps. The cart is fitted with a table for carrying loads, has a capacity of up to 100 kg, and has a top speed of 1 m/s. The operator grasps the handle of the cart and then applies pressure in the direction in which he or she wants the cart to move. We call this force the "operational force." The operational force is measured by a force sensor attached to the handle of the cart. This allows the cart to recognize the operator's intention and move in the direction corresponding to the operational force. To realize movement in an arbitrary direction, the developed cart has the ability to move omnidirectionally. In this study, we adopted mechanum wheels because they are capable of overcoming small steps. The mechanum wheel is used in sets of four and is positioned in the same way as that in a typical four-wheeled vehicle. The barrel-shaped, free-turning roller, which is called the "free roller," surrounds the wheel and is inclined at 45° to the driven shaft of the wheel. The mechanum wheel can be moved not only forward and backward but also laterally and diagonally because of the free roller. Adjacent wheels are arranged such that the direction of the free roller is reversed. An individual actuator drives each wheel. The cart moves at the resulting velocity and in the direction determined by the four wheels. The force sensor and actuator are controlled by a microcontroller mounted on the cart. A battery is also mounted on the cart. To reduce the burden imposed on the operator and improve the operability of the cart, we classify the cart motion into three types: translational motion, rotational motion, and turning motion. Translational motion does not . By combining these three motions, it is possible to achieve any required movement. The cart determines which motion to realize from the operational force applied to the handle of the cart.
Overview of the omnidirectional mobile cart

Kinematics of the cart
To realize the three types of motion described in the previous section, we solved the kinematics of the cart to enable us to calculate the velocity of each wheel. In general, the operator grabs the handle of the cart and applies an operational force. On the basis of this applied force, the transportation direction and velocity of the cart are determined. We then defined the operator coordinate system ∑ h attached to the center of the operator's body (Figure 4) . The desired velocity and angular velocity vectors are applied to ∑ h as = ( x , y , ). We call this Figure 4 . Coordinate system the "desired velocity vector." The cart will move with velocity . We numbered the wheels from one to four counterclockwise. The wheel coordinate system, which has its origin at the grounding point of each wheel, is defined as ∑ i (i = 1-4). The cart coordinate system, which has its origin at the center of the cart, is defined as ∑ r . ∑ i is placed in a position symmetrical to ∑ r . We define the wheelbase of the cart as 2 , the tread length as 2 , the distance from the origin from ∑ r to ∑ h and ∑ h to ∑ i as and i , and the angle of the x-axis of ∑ h and i as i . iw is defined as the velocity vector generated by the rotation of the wheel driven by the actuator, and if is a tangent velocity vector at the ground point of the free roller. Each wheel moves with a velocity vector i = ( ix , iy ), which is composed of velocity vectors iw and if . Therefore, the cart moves in this direction. However, only iw is related to the rotational velocity of the actuator. The procedure for calculating iw is shown below.
Translational motion
The free rollers are mounted at an angle of 45°. Given that i is determined by iw and if , the speed component of each wheel can be represented by the following equations: To summarize Eqs. (1)- (5), we solve for iw as follows:
3w = x − − 3 (sin 3 + cos 3 ) , 
There is no change of attitude of the cart during translational motion, and all the wheel velocity vectors are equal to the desired target velocity vector. Thereafter, = 0 is substituted into Eqs. (6) to (9), thus yielding the following equations:
4w = x + y .
As a result, when a desired velocity vector is given, the wheel velocities required to realize it can be calculated.
Rotational motion
The rotational motion is realized by the angular velocity around the rotational center of the operator. The translational velocity components x and y are set to zero. Thus, i can be calculated from the geometric relationship. Each velocity component of i is then rewritten as follows:
2x = − , 2y = (− + ) ,
Each wheel speed iw is determined by substituting Eqs. (14) to (17) into Eqs. (1) to (4).
Turning motion
The turning motion is also x = y = 0. We consider the virtual rotation center = (0, y ) and place it in a parallel position on the y-axis of ∑ h . Rotational motion is then performed with the desired angular velocity around . However, the position of differs with the value of y such that the distance from to each wheel coordinate system ∑ i is changed. In the case of y > 0, iw is solved using the same procedure as that described in Section 3.2:
When y < 0, iw is given as follows:
By using the above equations, when is given, it is possible to determine iw and realize the required motion. The selection of the classified motion using the given operational force is described in the next section.
Relationship between operational force
and cart movement This power-assisted cart determines the desired direction and velocity of movement on the basis of the operational force applied to the handle. The force sensor attached to the handle measures the force applied by the left and right hands of the operator. We set two sensor coordinate systems, namely, ∑ F L and ∑ F R , for the handle ( Figure 5 ). The force vectors L = ( Lx , Ly ) and R = ( Rx , Ry ) are measured in ∑ F L and ∑ F R , respectively. These sensor coordinate systems originate at the distance l from the center position ℎ c of the handle and are parallel to ∑ h . The reason for setting a sensor coordinate system is to estimate the three motions from the two force vectors. The relationship between each motion and the desired velocity vector are described below.
Translational motion
When an operational force of the same magnitude is applied by both hands of the operator, the cart performs translational motion. We determine the desired velocity vector required for this motion from the operational force. When the signs of L and R are identical and when the difference between the sizes of L and R is within limit , the cart will perform translational motion.
Under this condition, the desired velocity components are calculated by the following equations. 
Rotational motion
When the operational force, such as the force rotating around ℎ c of the handle, is given, it is assumed to be a rotational motion. We determine the desired angular In this case, the desired angular velocity is calculated by the following equation:
Here, α r is a positive weighting coefficient that relates the angular velocity to the operational force. When Lx > 0 and Rx < 0, the cart rotates counterclockwise. Therefore, becomes negative. Furthermore, when Lx < 0 and Rx > 0, the cart rotates clockwise. Therefore, becomes positive.
Turning motion
In other than the above two cases, the cart performs a turning motion. In other words, this occurs when Lx and Rx have the same sign and when there is a difference of more than limit between the two forces. First, we explain how we obtain the position of the virtual rotation center from the operational force. As shown in Figure 6 , we draw a line through the tip of Lx and Rx . The point that intersects this line and the y-axis of F L and F R is set to . Moreover, the length from ℎ c to is set to l . If Lx < Rx , is presented on the right side of the cart, l can be calculated from the geometric relationship shown in Figure  6 .
Furthermore, if Lx > Rx , is presented on the left side of the cart, l can also be calculated using the above formula. Here, l is determined to be in proportion to the difference between the sizes of Lx and Rx . Thereafter, the virtual rotation radius is determined from the length proportional to l . When Lx < Rx , the position and the angular velocity around are obtained from the following equation:
Here, l and α t are positive weighting coefficients. Similarly, when Lx > Rx , and are obtained as follows:
Considering that the virtual rotation center and can be calculated by the above equations, each wheel speed vector iw is obtained by substituting the kinematic formula described in Section 3.3. When the difference in the size of Lx and Rx is large, is located near the cart (occasionally in the cart). Therefore, when y < y_limit , we do not select a turning motion. In this case, by using the angular velocity described in this subsection, iw is calculated using the kinematic formula for rotational motion described in Section 3.2. y_limit is determined from a geometrical relationship.
Experimental results obtained using the developed cart
To confirm the efficacy of the proposed method, we developed a power-assisted cart (Figure 7 ). The diameter of the mechanum wheel was 152.4 mm. After calculating the torque required to realize a maximum speed of 0.6 m/s and carry a load of 100 kg, we decided to use four DC motors with an output of 46 W. A load cell was used to (Figure 8) , and the measured value of y was used for both Ly and Lx . Sensor monitoring and motor control were performed using an ArduinoMega2560. The control of the motors was realized using an open-loop control and a proportional control method. The sampling rate of the force sensor was 10[Hz]. Therefore, the operational force was smoothed by the moving average method using the obtained sensor value of five times. The cart had a modular structure with a DC motor and a mechanum wheel attached to a plate. An aluminum frame connected the four modules. The cart length was 0.743 m, and its width was 0.415 m. The handle had a height of 0.95 m. The other parameters were shown in Table 1 . Each movement realized in response to the operation force was confirmed by the following experiments.
A. Experiment I
First, the operator applied the operational forces necessary to move forward and then rotate. The measured operational forces for these motions are shown in Figure 9 , and the profiles of the corresponding wheel velocity iw are shown in Figure 10 . were reversed such that the cart performed a rotational motion. As shown in Figure 9 , the value of Y was measured when it was rotated. In this case, we considered the value of Y to be erroneous; therefore, this value was not used for the control of the rotational motion.
B. Experiment II
We then applied the operational force shown in Figure  11 . The velocity profiles are shown in Figure 12 . From 3 to 15 s, translational motion was performed. The cart was turned counterclockwise between 18 and 26 s, after which it was turned clockwise. Therefore, turning motion was implemented when the difference between Lx and Rx was greater than limit (Figure 11 ). From the above experimental results, it was confirmed that the three motions could be selected by applying the appropriate operation force.
Conclusion
In this study, we developed a power-assisted cart that could move according to an applied operating force. To improve the operability of the cart, we classified the movement into three types. The relationship between the three types and the corresponding operational force was described, and we calculated the kinematics of the cart to achieve each classified motion. The developed cart was used to confirm the efficacy of the proposed method. However, considering that the contact between the mechanum wheel and the ground was noncontinuous, vibration occurred during the movement of the cart. Therefore, in our future work, we will attempt to suppress the vibration by incorporating suspensions into the drive mechanism.
